CytcO (cytochrome c oxidase) is a membrane-bound multisubunit protein which catalyses the reduction of O 2 to H 2 O. The reaction is arranged topographically so that the electrons and protons are taken from opposite sides of the membrane and, in addition, it is also linked to proton pumping across the membrane. Thus the CytcO moves an equivalent of two positive charges across the membrane per electron transferred to O 2 . Proton transfer through CytcO must be controlled by the protein to prevent leaks, which would dissipate the proton electrochemical gradient that is maintained across the membrane. The molecular mechanism by which the protein controls the unidirectionality of proton-transfer (cf. proton diode) reactions and energetically links electron transfer to proton translocation is not known. This short review summarizes selected results from studies aimed at understanding this mechanism, and we discuss a possible mechanistic principle utilized by the oxidase to pump protons.
Structure and function of CytcO (cytochrome c oxidase)
CytcO catalyses the oxidation of four molecules of cytochrome c and the reduction of O 2 to H 2 O (eqn 1a). The electrons are donated from the relatively positive (P-) side of the membrane, while the protons (referred to as substrate protons) are taken up from the relatively negative (N-) side of the membrane (Figure 1a ). The O 2 reduction is also linked to pumping of an average of one proton per electron (eqn 1b), which increases the overall charge-translocation stoichiometry to two positive charges transferred across the membrane per electron transferred from cytochrome c to O 2 [1] [2] [3] [4] [5] [6] [7] :
( 1 a )
The subscripts P and N refer to the positively and negatively charged sides of the membrane respectively, and c is cytochrome c. The most commonly studied CytcOs (e.g. CytcOs from mitochondria, Rhodobacter sphaeroides and Paracoccus denitrificans) carry four redox-active cofactors (Figures 1b and 1c ) [8] [9] [10] [11] . A copper centre, Cu A , is located near the P-side surface and receives electrons directly from cytochrome c. Electrons are then transferred within the CytcO to a haem group (haem a) and then to the catalytic site, which is composed of another haem group (haem a 3 ) and Key words: electron transfer, haem-copper oxidase, membrane protein, proton pump, proton transfer, redox reaction. Abbreviations used: CytcO, cytochrome c oxidase; F 3 , oxo-ferryl intermediate; N-side, negative side of the membrane; O 0 , fully oxidized CytcO; P 3 (also PR), the 'peroxy' intermediate formed at the catalytic site upon reaction of the four-electron reduced CytcO with O2; P-side, positive side of the membrane; R 2 , CytcO with a two-electron reduced catalytic site. 1 To whom correspondence should be addressed (email peterb@dbb.su.se).
a copper ion (Cu B ). Both haem groups and Cu B are located at a distance of approximately one-third of the membrane thickness from the P-side and along a line parallel to the membrane surface.
The proton pathways
Two proton pathways, called the K and D pathways, connect the N-side surface with the catalytic site and provide input pathways for substrate protons as well as protons that are pumped (referred to as 'pumped protons') across the membrane. The K pathway is presumably used to transfer only two substrate protons upon reduction of the catalytic site. The D pathway is used to transfer the remaining six protons, i.e. two of the substrate protons and all protons that are pumped across the membrane [12, 13] . This pathway starts at the N-side surface near a conserved aspartate residue (Asp 132 ) (if not indicated otherwise, amino acid residues are numbered according to the R. sphaeroides CytcO sequence and the residues are found in subunit I), which is connected with a glutamate residue (Glu 286 ) inside the protein by approximately ten water molecules and polar residues (Figure 1c) . Presumably, both the substrate and pumped protons are transferred along the same trajectory to Glu 286 , but from that point the substrate protons move towards the catalytic site while the pumped protons are transferred towards the haem propionates and Arg 481 /Arg 482 , as shown in Figure 1 (c) [8, 9, [14] [15] [16] [17] [18] . From there, the pathway is not well defined, and there are several trajectories that could be used to transfer protons towards the P-side surface.
Electron and proton transfer
Studies of the kinetics of electron and proton transfer during O 2 reduction by CytcO have provided insights into the mechanistic principles utilized by CytcO to couple electron transfer to proton pumping. One approach in such studies is to reduce all four metal sites and then follow the reaction with O 2 in time using various spectroscopic and electrometric techniques ([19] , reviewed in, e.g., [3, [20] [21] [22] [23] transition, a proton is also pumped across the membrane [24] [25] [26] . In other words, a second proton is taken up through the D pathway and transferred all across the membrane with the same time constant as that of the P 3 → F 3 reaction. It should be noted that the P 3 → F 3 reaction does not involve any electron transfer to the catalytic site. Finally, the the sequence of proton-transfer reactions leading to proton pumping in CytcO. After electron transfer to the catalytic site (CS, indicated by a minus sign), a proton is transferred from Glu 286 (a protonated neutral glutamate residue is indicated by a plus sign) to the CS. In this state, the proton acceptor 'A' has a low pK a . Deprotonation of Glu 286 is linked to a change in structure of the D pathway (indicated by the change in colour) such that the pK a of A increases, which results in proton transfer to both A and Glu 286 . Protonation of Glu 286 results in relaxation of the structure to the original state, which triggers proton release from A. The requirement is that both A and Glu 286 receive a proton before relaxation of the D pathway structure.
The white line across the proton pathway indicates that it is closed. last electron, residing initially at Cu A , is transferred to the catalytic site, accompanied by proton transfer through the D pathway with a time constant of ∼1 ms (at pH 7) forming state O 4 (oxidized CytcO). The coupled electron and proton transfer is also linked to pumping of a proton across the membrane over the same time scale. Thus a net of two protons are pumped upon oxidation of the reduced CytcO [24] [25] [26] . In addition, two protons are also pumped upon reduction of the enzyme, which is discussed in more detail in [25, 27] .
As outlined above, the two reaction steps discussed above are different in that the P 3 → F 3 reaction involves only proton transfer to the catalytic site and proton pumping, while the F 3 → O 4 reaction involves the same proton transfers, but, in this case, they are accompanied by transfer of one electron to the catalytic site. Because both reactions are linked to proton pumping, presumably utilizing the same mechanistic principle, in the following, we focus only on the P 3 → F 3 transition, which is simpler because of the lack of accompanying electron transfer. That proton transfer to the catalytic site and pumping may occur over a time scale at which there is no simultaneous electron transfer has been discussed in [26] (but see [28] and cf. [29] ).
The P 3 → F 3 transition displays a simple HendersonHasselbalch titration with a pK a of 9.4 where the rate constant is ∼10 4 s −1 (τ ∼ = 100 μs) at low pH (6-∼8) and then it decreases with increasing pH [30] . We originally modelled this reaction as a two-step proton transfer where a proton is transferred to the catalytic site from Glu 286 , which is then reprotonated from solution ( Figure 1c ) [31] . The time constant of the overall proton transfer from solution to the catalytic site (i.e. the P 3 → F 3 reaction) is presumably determined by the proton transfer from Glu 286 to the catalytic site because the time constant is the same (100 μs) even if the pathway is blocked near the entrance by replacement of Asp 132 with a non-protonatable asparagine residue (D132N) [30] . The proposal that Glu 286 deprotonates during P 3 → F 3 in the D132N mutant CytcO was recently confirmed by FTIR (Fourier-transform IR) measurements [32] .
Uncoupling of proton pumping from the catalytic reaction
Valuable information for understanding the proton-pumping mechanism has also been obtained from studies of structural variants of CytcO that are incapable of pumping protons, but which catalyse the reduction of O 2 to water with maximum rates similar to those of the wild-type CytcO (referred to as 'uncoupled mutants') [33] [34] [35] [36] [37] . Evidently, in these mutant CytcOs internal electron transfer and proton transfer through the D pathway are not perturbed because O 2 -reduction (which requires transfer of substrate protons through the D pathway) rates are normal. Consequently, the explanation for the impaired proton pumping must be searched for inside the CytcO around the branching point for the substrate and pumped protons (Figure 1c) . Detailed studies of a number of such uncoupled mutant CytcOs showed that the phenotype was characterized by changes in the pK a of Glu 286 , as evident from an altered pH dependence of the P 3 → F 3 transition rate [34] [35] [36] . For example, when residue Asn 139 (see Figure 1c ) was replaced by an aspartate residue (N139D), we found that the only noticeable change was a shift in the pK a of Glu 286 to a value above ∼11 [34] (see also [38, 39] ). Furthermore, when a second mutation, D132N, was introduced in the N139D mutant CytcO (i.e. a N139D/D132N double-mutant CytcO), the Glu 286 pK a fell from ∼11 to 9.7 and proton pumping was restored [37] . At present, we can only speculate on the explanation for the pK a changes, but one likely reason is that the water structure in the D pathway changes owing to replacement of Asn 139 by other residues. This structural change may propagate to Glu 286 .
Control of unidirectionality of proton transfer: towards the mechanism of proton pumping
The accumulated results from experimental and theoretical studies of the oxidase reaction have resulted in a number of models of the pumping machinery, proposed by colleagues around the world. The space allocated to this short overview does not allow a detailed discussion of these results and models; instead we focus on a model proposed by our research group. We first note that during the P 3 → F 3 transition, proton pumping occurs over a time scale on which there is no electron transfer. Furthermore, the above-described results indicate that, during the P 3 → F 3 transition, both proton transfer to the catalytic site and pumping of a proton appears to be ratelimited by proton transfer from Glu 286 to the catalytic site, which suggests that this proton-transfer event occurs first. However, if this is the case, the free energy available from the O 2 -reduction reaction must be conserved during the proton transfer, otherwise it would be lost before a proton is pumped. One possibility to solve this (apparent) problem is to link the proton transfer to a structural change, triggered by the deprotonation of Glu 286 , and coupled to an increase in the pK a of an acceptor for the pumped proton (A in Figure 2b ), e.g. the haem a 3 D propionate (see Figure 1c ) [2, 16, 18, 21, 40] . Such a local structural change in a protein segment including Glu 286 and the haem a 3 D propionate was observed in the X-ray crystal structure of the E286Q mutant CytcO and in the wild-type CytcO at high pH ( [9] , also discussed in [16] ). The structural change would then be followed by proton transfer to the acceptor A. A subsequent reprotonation of Glu 286 would result in relaxation of the structure, lowering of the pK a of A, resulting in a release of the pumped proton. The model also explains the data obtained with the uncoupled mutant CytcOs because a change in the pK a of Glu 286 would alter the relative protontransfer rates from Glu 286 to the catalytic site and to A respectively. Alternatively, the same modulation in the water structure that results in the Glu 286 pK a change could also result in changes in the Glu 286 side chain dynamics. Such a change in the dynamics would probably interfere with the structural changes upon deprotonation of Glu 286 , also leading to impaired proton transfer to A.
Recently, a study of the cbb 3 oxidase from R. sphaeroides (Y. Huang, J. Reimann, H. Lepp and P.Ädelroth, unpublished work) provided new insights into the principles of proton pumping in terminal oxidases. In contrast with the mitochondrial-like aa 3 oxidases, the cbb 3 CytcOs are able to reduce nitric oxide in addition to O 2 [41] . During reduction of O 2 , the cbb 3 CytcOs pick up protons from the N-side and presumably pump protons from the N-to the P-side (the reaction is electrogenic), just like the aa 3 oxidases discussed above. However, with NO, the reaction between the substrate (NO) and reduced cbb 3 CytcO is essentially non-electrogenic, i.e. the substrate protons are presumably taken up from the 'wrong' (P-) side, and the enzyme does not pump protons. At first, this result may seem surprising because the free energy released upon reduction of NO to N 2 O is similar to that released upon reduction of O 2 to H 2 O and apparently the cbb 3 oxidase harbours the machinery needed for proton pumping. It is possible that an explanation for the dramatically different behaviour with NO and O 2 could come from a comparison of the details of the intermediates formed at the catalytic site with these two substrates. In a theoretical study of the Thermus thermophilus cytochrome ba 3 , it was shown that the pK a s of the proton acceptors at the catalytic site are generally much lower for NO than for O 2 reduction [42] . Thus, if proton pumping is mechanistically driven by proton transfer to the catalytic site rather than being mechanistically linked to internal electron transfers within the enzyme, then such a change in the pK a could result in a lower proton-pumping stoichiometry. A possible explanation, in the framework of the model discussed here, is presented below.
According to the model outlined in Figure 2 (b), the pumping stoichiometry would depend on the relative rates of proton transfer from Glu 286 to the catalytic site and the acceptor A respectively, as well as the structural relaxation triggered by reprotonation of Glu 286 . With O 2 , the driving force is high (Figure 3 ) and the initial deprotonation of Glu 286 is followed by a sequence of proton-transfer events, leading to proton pumping as outlined above. If the pK a of the proton acceptor at the catalytic site drops below that of Glu 286 (or the equivalent proton donor in the cbb 3 oxidase), then the proton transfer from Glu 286 to the catalytic site would be an energetically uphill reaction ( Figure 3) . As a consequence, proton transfer from this residue to the catalytic site would not take place. Another proton donor, at the Pside surface, could be used instead, leading to proton uptake from the 'wrong' side. Alternatively, protons transferred to the catalytic site could still move via a residue equivalent to Glu 286 , but without forming the transiently deprotonated state of the residue. This altered sequence of events would lead to disabling the proton-pumping machinery of the enzyme. Furthermore, this explanation of the impaired proton pumping would also have as a consequence that the overall proton transfer to the catalytic site would be slowed with NO as a substrate (which is also observed experimentally). Finally, we can speculate that such an altered timing of proton transfers could result in changes in the relative populations of Glu 286 in the input/output states (where the residue is in contact with the N-and P-sides respectively), so that protons are taken from the P-side of the membrane.
In conclusion, we have summarized results from selected experiments aimed at understanding the proton-pumping mechanism of CytcO. The general principles utilized to pump protons are presumably the same in all proton-pumping terminal oxidases, and our mechanistic model is supported by studies of a cbb 3 -type oxidase.
